Density and speed of sound measurements have been performed, at atmospheric pressure, using an Anton Paar digital vibrating tube densitometer for pure ethanol, 1-octanol, n-hexane, furan and eugenol, from 278.15 to 323.15 K and for the binary mixtures of furan + ethanol, furan + 1-octanol, eugenol + 1-octanol and eugenol + n-hexane from 278.15 to 323.15 K. Excess molar volumes were calculated and compared. The Redlich-Kister correlation was used to correlate the data. In order to identify the most important molecular interaction contributing to the excess molar volume, the Prigogine-Flory-Patterson theory was applied to correlate and predict the excess molar volumes of the mixtures.
Introduction
Accurate predictions of the thermodynamic properties of multi-component fluid mixtures are essential for both the optimization of current industrial processes and the design of new ones. Biomass is considered as a new source of raw material to produce new molecules and also energy (biofuels, biogas). In several operations, units like heat exchangers, liquid-liquid extractors and distillation columns require a good estimation of density, speed of sound and consequently excess volume for the mixtures in order to design them. Among these systems, the second-generation biofuels or mixture of oxygenated compounds involve several molecules and mixtures for which these properties are unknown. Mixing of oxygenated compounds generally leads to solutions that do not behave ideally. The deviations from ideal behavior can be conveniently expressed by excess properties.
Excess properties are also very useful to understand the mixing state in terms of intermolecular interactions. Information concerning molecular interactions is required for the design 1 3 of solvents for industrial applications. Solvents are designed to extract molecule of interest and to remove the non-desirable molecules in the original media.
In this article, we will focus on two chemicals of interest, furan and eugenol, which are used as intermediates in chemistry or in medicine. Indeed, they are widely used in the production of the solvent tetrahydrofuran, as additives for detergents and herbicides, in dentistry applications, and as antiseptic and anesthetic products in pharmacy and in aquaculture [1, 2] Ethanol, 1-octanol and n-hexane are the studied solvents. Some volumetric properties of the systems eugenol + n-hexane, eugenol + 1-octanol, furan + ethanol and furan + 1-octanol are also presented.
First, new experimental measurements of density and excess volume for the binary mixtures eugenol + n-hexane, eugenol + 1-octanol, furan + ethanol and furan + 1-octanol are presented. Then, these new experimental excess volumes are correlated by the Redlich-Kister correlation. Finally, the Prigogine-Flory-Patterson (PFP) Theory is applied to identify the predominant intermolecular interactions. 
Experimental Details

Materials Purities and Suppliers
Experimental Method
Density measurements have been performed with a DSA5000M Anton Paar digital vibrating tube densimeter. The oscillating period or frequency, measured by the densitometer, depends on the tube mass and therefore on the fluid density. Equation 1 is used for relating the period of vibration, τ, to the density, ρ: . A platinum resistance thermometer with 0.01 K accuracy was used for temperature measurements. The sample densities were then measured at thermal equilibrium for various temperatures. This densitometer permits also the measurement of speed of sound with an accuracy of 0.5 m·s −1 . To prepare the mixtures, an empty 20 cm 3 glass bottle was closed air-tight with a septum and then put under vacuum using a vacuum pump where a needle is introduced through the septum. The empty bottle was weighed, and then the less volatile component, freshly degassed, was introduced by means of a syringe. After weighing the bottle loaded with the first component, the more volatile one was added similarly and then the bottle was weighed again. All weighings were performed using an analytical balance with 1 × 10 −4 g accuracy, correspondingly the uncertainty is estimated to be lower than 1 × 10 −4 for mole fractions. Maximum uncertainty resulting in the calculation of v E is estimated to be less than u v E = 0.07 cm 3 ·mol −1 using Eqs. 2-4. Atmospheric pressure was measured by a GE Druck DPI 142 Barometric Indicator with an uncertainty u p = 0.029 kPa.
with M i being the molar mass of component i, m i the mass of component i, ρ i the density of component i, and ρ m the density of the mixture.
Results and Discussions
The density values of pure chemicals measured using the DSA 5000M Anton Paar densitometer are presented as a function of temperature in Table 2 . Comparison with literature was done and is presented in the supplementary information. These data will be also considered to determinate the pure component parameters for the data treatment using the PFP model (see Sect. 3.2) .
These data were used to calculate the excess volume. The excess molar volume, v E , is calculated using Eq. 5.
where x 1 and x 2 denote the mole fractions and v are the molar volumes of components 1 and 2 respectively; v denotes the molar volume of mixture. Using the measured density, ρ, Eq. 5 can be rewritten as:
where M 1 and M 2 are the molar masses, are the densities of components (1) and (2), respectively, and ρ denotes the density of the mixture. 
Redlich-Kister Data Treatment
Usually the Redlich-Kister (RK) correlation [4] is chosen to correlate excess molar volume of binary systems. Equation 7 presents the correlation equation:
The coefficients (A i ) have to be determined. The variance σ, corresponding to each fit, was calculated using Eq. 8.
where P is the number of parameters (A n ) and N exp denotes the number of experimental data.
The main difficulty of the RK treatment is the selection of the number of parameters A i . In order to do that, it is recommended to investigate
as a function of molar composition x 1 . This quantity gives us useful information concerning volumetric properties, particularly at low concentration as suggested by Desnoyers and Perron [5] . This term is directly related to the apparent molar volume and so can be assigned to a thermodynamic property. Equation 9 shows that Using the Redlich-Kister equation, we can obtain the expression of partial molar volumes (Eqs. 13 and 14) with respect to x i . Table 3 presents the values of mixture densities and excess volumes. 
Furan + Ethanol Binary System
as a function of x 1 and v E as a function of x 1 , at two different temperatures. As can be seen, the excess molar volumes are negative but become positive close to pure ethanol. The analysis of apparent molar volume does not reveal any novel behavior. But we can see that for furan at infinite dilution, the apparent molar volume decreases certainly due to the fact there are more H bonds between ethanol molecules that surround the furan molecule. The excess molar volume is positive when we approach pure furan and when we increase the temperature. There is less H-bonding between the two chemicals and so there is an important difference between the two dipole moments (1.69 D for ethanol and 0.66 D for furan [6] ): there is less cross interaction and so an increasing of the excess volume. Table 5 presents the values of mixture densities and excess volumes. Table 6 presents our results. Following Desnoyers and Perron's method we have considered three RK parameters. Figures 3 and 4 presents
Furan +1-Octanol Binary System
as a function of x 1 and v E as a function of x 1 at two different temperatures. We observe that there is no specific behavior. We can consider that it is a mixture of two liquids with similar size. As we can see, the excess molar volumes are positive, certainly due the difference of polarity between the two chemicals (furan: 0.66 D and 1-octanol: 1.66 D [6] ). In comparison with ethanol, as associating effect is less important for 1-octanol, thus it seems that there is no association between the two molecules. In order to understand the difference between excess volumes of furan-ethanol and furan-1-octanol mixtures, we draw a parallel with the mixtures of benzene-alcohols. First, we can consider that the presence of the oxygen atom in the aromatic ring is the major difference between furan and benzene. Excess volumes with benzene are essentially positive and increase because of the length of the 1-octanol molecule, probably because of steric considerations. Thus, we can conclude that negative excess volumes of furan-methanol are due to H-bond formation between ethanol and the oxygen atom (12) Table 7 presents the values of mixture densities and excess volume. Table 8 
Eugenol + 1-Octanol Binary System
as a function of x 1 and v E as a function of x 1 , at two different temperatures. There is no particular behavior. We can consider that it is a mixture of two liquids with similar size. As we can see, the excess molar volumes are negative, this is certainly due to dipole-dipole interaction as the dipole moment of the two chemicals are quite similar (eugenol: 1.129 D [7] and 1-octanol: 1.66 D [6] ). Table 9 presents the values of mixtures densities and excess volumes. 
Eugenol + n-Hexane Binary System
, as a function of x 1 and v E as a function of x 1 , at two different temperatures. There is no particular behavior. As we can see, the excess molar volumes are negative; it is a surprising result as the two dipole moments of the two chemicals are very different (eugenol: 1.129 D and zero dipole moment for n-hexane [6] ). Another type of molecular interaction must be dominant. In order to have a better evaluation of the molecular interactions involved in such mixtures, we have decided to use the PFP model.
Partial Molar Volume
Using the parameters fitted for each binary system, we can plot the partial molar volumes of furan or eugenol as a function of their molar composition, see Figs. 9, 10, 11, and 12. We have also plotted on the same figures v 1, , the apparent molar volumes for the furan and eugenol. The apparent molar volume is an important property as it is linked to the nature of the molecular interaction between the two molecules, herein the solute (furan or eugenol) and the solvent (n-hexane, ethanol and n-octanol). The partial molar volume corresponds to the volume occupied by the solute in the solution and it depends to the nature of the surrounding molecules. Partial molar volume and apparent molar volume are linked by Eq. 15
At infinite dilution, these two quantities are identical. The deviations seem to be more important for solute composition close to 0. We can also mention that for the system eugenol + n-hexane some important deviations exist in the region rich in n-hexane Table 7 (continued) ( Fig. 12) . The deviations are more important, particularly at the highest temperature, in comparison with the other binary systems studied. There are two possibilities: it is necessary to increase the number of parameters of the Redlich-Kister correlation (it is difficult to do that considering the experimental uncertainty and the fact that the curve
as a function of x 1 is well correlated), or it may be a sign that molecular interactions are different for the eugenol + n-hexane binary system in comparison with the other studied systems. Consequently, another model for the data treatment should be used in order to identify this kind of molecular interaction. 
Prigogine-Flory-Patterson Model
The Prigogine-Flory-Patterson model (PFP) [8] was developed to analyze excess thermodynamic properties of polar mixtures (Gepert et al. [9] , Galvao and Francesconi [10] , Torres et al. [11] ). On the same idea, in order to predict excess volumes, several authors [12] used the Flory equation [13] while others [14, 15] parameter can be calculated using the solubility parameter defined by Hildebrand: 
+ (β is an empirical constant equal to 0.34). This parameter can also be adjusted based on experimental data. The volume v is the molar volume of the solvent. Originally, the model was developed to study the solubility of polymers in a solvent. In our application, is it judicious to consider this molar volume to be independent of the composition? (ii) Curvature contribution or free volume contribution (linked to configurational entropy). This contribution is due to the difference in the degree of thermal expansion between the molecules. (iii) p* contribution. This contribution takes into account the difference of internal pressure ( =
U v T
) and reduced volume of the components. 
The contact energy fraction is
, the hardcore volume fraction is
and the surface fraction is 2 = 2 s 2 1 s 1 + 2 s 2 , with s i being the molecu- . The surface fraction is also expressed by:
Consequently, using the PFP equation of state and the different defined variables, the expression of the excess volume can be determined (Eq. 18): 
PFP Parameterization
For a pure component, the isothermal compressibility κ Ti is related to the isentropic compressibility κ S via the Maxwell's relations (Eq. 19):
where v i {m . In order to estimate the PFP parameters, densities and speed of sound data for furan, ethanol, n-hexane, eugenol and 1-octanol were used. Table 11 presents the speed of sound data for the concerned chemicals.
Concerning liquid heat capacity C p (J·mol
), we have used the values predicted by REFPROP [16] for ethanol, the data from Guthrie et al. [17] for furan, the data from Karabaev et al. [18] for eugenol, the data from Melnikov et al. [19] for n-hexane and the data from Rubini et al. [20] for 1-octanol.
In order to calculate the molar volume, the thermal expansion, the isentropic compressibility and the isothermal compressibility, we have used the previous thermodynamic relations and considered that in the concerned range of temperature, at atmospheric pressure, the mathematical relation for the different thermodynamic quantities can be expressed by a secondorder polynomial expression with temperature (Eq. 20): 
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The adjusted parameters a, b and c are presented in Tables 12, 13 , 14, 15, and 16 for the different chemicals. Instead of providing the deviation with experimental data, we have indicated the standard deviation of each fitted parameter. Table 11 Speed of sound data at atmospheric pressure {u p = ± 0.03 kPa, u T = ± 0.01 K, u c = ± 0.5 m·s 
Results and Discussion
We have applied the PFP model for the binary systems at 283, 293 and 303 K. In order to adjust the χ 12 parameter, we have minimized the objective function (Eq. 21) using PFP parameters calculated using Eq. 20 for each pure component property: Table 20 . This parameter was originally independent of the composition [21] , but it was used to represent the volumetric properties of binary systems involving polymer and solvent; χ 12 depends on the molar volume of the solvent, but in our cases we considers both species as the solvent, particularly if the molar composition is close to 0.5. So it is not judicious to consider the χ 12 parameter to be independent of rge volume fraction. In 1984, Mulder and Smolders [22] mentioned that excess functions are strongly concentration dependent. They have indicated that χ 12 parameter (a free energy parameter) can be obtained from the excess Gibbs energy of mixing. They have studied the ethanol-water binary system and showed the evolution of χ 12 as a function of the volume fractions. Also, Hansen [21] has shown that the χ 12 parameter, originally calculated using Hildebrand solubility parameter, can be calculated by a χ 12 parameter which takes into account dispersive, polar and hydrogen bonding interactions. In consequence, we have decided to modify the cross parameter χ 12 by using Eq. 22. Results are presented in Table 20 . parameter was determined by considering no composition dependency. The a and b parameters were adjusted using the objective function defined by Eq. 21 while taking .mol -1 x1 S11, S12, and S13 (supplementary information) show the results obtained at 283 K. As we can see, we have a better correlation of the data when the χ 12 parameter is dependent on the composition. We have also evaluated the different contributions to the PFP model to excess volume at 293.15 K. For the four systems, the results are presented in Tables 21,  22, 23, and 24. Tables S2, S3 , S4, and S5 (supplementary information) show the results obtained at 298 K. Tables S5, S6 , S7, S8, and S9 (supplementary information) show the results obtained at 283 K. For the system furan-ethanol, the main contribution to excess volume is attributed to the interactional contribution. It highlights the importance of the χ 12 parameter in the data treatment and the dependence to the composition of this parameter. It highlights the effect of polar and H-bonding interactions that are certainly linked to the composition of the mixture. For furan + 1-octanol mixtures, all the different types of interactions contribute at the same level to the excess volume. For eugenol + 1-octanol, the main contribution to excess volume is attributed to the interactional contribution. There is no effect of free volume. For the last binary system, eugenol + n-hexane, it seems that the main contribution to the excess volume are the free volume effect and internal pressure effect. In Figs. 17 and 18 , we can see the most relevant contribution for the furan + ethanol and eugenol + n-hexane binary systems to excess molar volumes. Figure 19 shows the evolution of the χ 12 parameters with temperature. We can observe for each case a linear trend.
Conclusions
The densities of four binary mixtures (eugenol + n-hexane, eugenol + 1-octanol, furan + ethanol and furan + 1-octanol) were measured over the temperature range T = (278.15-323.15 K). Densities and speeds of sound were also measured for each pure component. Deduced from these properties, the excess molar volumes v E of these systems are well correlated by the Redlich-Kister correlation. Except for the furan + 1-octanol binary system, all the excess volumes are negative. Concerning the furan + ethanol binary system in dilute ethanol, the excess molar volume becomes positive when the temperature increases. The capability of the Prigogine-Flory-Patterson (PFP) model to predict the excess molar volume was tested on these binary mixtures. The PFP theory faces more difficulties in the representation of the experimental v E for the furan + ethanol binary system. For this system, it appears that the most relevant contribution is attributed to the Temperature/ K Fig. 19 Evolution of the χ 12 parameters as a function of temperature: (filled triangle), furan + ethanol binary system; (plus), eugenol + 1-octanol binary system; (cross), eugenol + n-hexane binary system; (filled circle), furan + 1-octanol binary system
